We describe fast recovery at a wavelength of 1550 nm in a multiple-quantum-well ͑MQW͒ saturable absorber with InGaAsP quaternary wells and barriers using electric-field-induced carrier sweepout. The MQW SA is integrated with a distributed Bragg reflector in a p-type-intrinsic-n-type structure. Pump-probe measurements show that the recovery time can be reduced from Ͼ900 to 28 ps by application of a 151 kV/cm sweepout field. We measure the dependence of the recovery time on the energy of the saturating pulse and explain our results in terms of carrier dynamics in the sweepout field.
I. INTRODUCTION
Multiple-quantum-well ͑MQW͒ saturable absorbers ͑SAs͒ have many applications in optical communications, including soliton control 1 and passive mode locking of lasers. 2 Saturable absorption in such devices can be achieved through excitonic absorption bleaching or modification of the absorption characteristic through photogenerated spacecharge induced changes to the internal electric field.
Absorption of photons at the exciton wavelength generates excitons which decay in Ϸ300 fs, 3 leaving free holes and electrons with recombination times Ͼ1 ns. The presence of the excitons and free carriers results in bleaching of the excitonic absorption. To achieve the fast SA recovery times required for communications applications the free carrier recombination time must be substantially reduced. SA recovery times of 1.7 and 1 ps, respectively, have been achieved in ion bombarded material 4 and Be doped material grown by low temperature molecular beam epitaxy. 5 Both these techniques increase the density of recombination centers.
Alternatively the free carriers can be swept out of the wells by application of a field perpendicular to the MQW. A sweepout field is typically applied to an MQW by incorporating it in the intrinsic region of a reverse biased p-typeintrinsic n-type ͑PIN͒ diode. 6 Recovery times as short as 28 ps at a wavelength of Ϸ900 nm 7 in an InGas/InAlAs device and 50 ps at 855 nm in a high contrast reflective GaAs/ AlGaAs switching device 8 have been reported. Sweepout at 1550 nm with a recovery time Ϸ100 ps in a six period InGaAs/InAlAs structure has also been described. 9 Recovery has been investigated in devices with InGaAs wells and InGaAsP quaternary barriers at Ϸ1300 nm. 10 A recovery time Ϸ150 ps was measured. In this article we report the use of a reflective PIN diode incorporating a MQW with InGaAsP wells and barriers and an operating wavelength of 1550 nm. The MQW has shallow wells for both holes and electrons to enhance carrier sweepout. Recovery times substantially shorter than previously reported for sweepout saturable absorbers at this wavelength are obtained.
A. Space-charge effects in carrier sweepout devices
Application of a sweepout field tilts the band structure of the MQW allowing free carriers to escape from the wells by tunneling or thermionic emission. 11 It also modifies the MQW absorption spectrum through the quantum confined Stark effect ͑QCSE͒, causing broadening and redshifting of the excitonic absorption feature. 12 The broadening of the excitonic absorption in high sweepout fields reduces its contribution to the total absorption. SA behavior due to spacecharge induced reduction in the internal field arising from the photogenerated carriers is therefore enhanced.
The sweepout field causes the free holes and electrons to move in opposite directions at their saturated drift velocities once they have escaped from the wells. The resulting separation of charge reduces the sweepout field and hence counteracts the changes in the absorption spectrum due to the applied field induced QCSE. Saturable absorption is possible if the operating wavelength is such that the absorption of the device is increased by application of the sweepout field.
Reduction of the applied field due to the photogenerated carriers only occurs in the area of the optical spot, resulting in a nonuniform potential between the doped regions. Carriers within the doped region redistribute through diffusive conduction to restore a uniform potential 13 and hence allow the SA to recover. The diffusive conduction process is described by the diffusion equation where V(x,y) is the potential between the n-and p-doped regions at the position (x,y) in the plane of the device. The diffusion coefficient D depends on C A , the capacitance of the device per unit area, and R sq , the sum of the resistances per square of the doped regions, according to
II. EXPERIMENT
A. Device structure
The wafer from which the experimental device was fabricated is shown in Fig. 1 . It was grown in a single metalorganic vapor phase epitaxy ͑MOVPE͒ step.
PIN diodes with reverse breakdown voltages in excess of 20 V were fabricated by etching 400 m diam circular mesas and adding n-and p-side contacts using standard photolithographic techniques.
Optical access was through an anti-reflection coated 100 m diam window in the p-side contact. The use of a quaternary compound for both the wells and the barriers allowed us to combine a design wavelength of 1550 nm with low conduction and valence band barriers to enhance sweepout.
B. Small signal measurements
Small signal responsivity spectra measured with reverse bias fields up to 120 kV/cm are shown in Fig. 2 . The fields were calculated by assuming the entire reverse bias potential to be dropped across the intrinsic region. From comparison with monochromator measurements over a wider wavelength range the peak at 1540 nm in the zero field measurements was identified as the e 1 -hh 1 excitonic absorption feature. This feature becomes indiscernible at high fields. Figure 3 shows the dependence of small signal reflectivity on the reverse bias field at a number of wavelengths. The transmission decreases with the sweepout field at longer wavelengths suggesting that these are suitable for sweepout SA operation.
C. Time resolved saturation measurements
The pump-probe configuration of Fig. 4 was used to observe the recovery of the MQW PIN SA from saturation. 2 ps pulses were produced by the pulse source, which was a figure-of-eight mode-locked fiber laser with an angle-tuned interference filter in its passive loop to allow operation at wavelengths throughout the erbium gain window.
14 Mechanical chopping of the pump and probe beams at 1 and 1.1 kHz and independent synchronous measurement of the photocurrent at each frequency allowed calculation of the fractional reflectivity change ⌬R/R experienced by the probe pulses due to the pump pulses. Both the pump and probe beams were focused down to 5.5 m radius Gaussian spots on the device.
Pump-probe measurements at 1540 nm are shown in Fig. 5 . While the full recovery process could not be observed due to the limited delay range, the recovery time is clearly Ͼ900 ps.
Measurements with a field of 151 kV/cm, the maximum possible without risking device breakdown, were carried out at 1565 nm which, from Fig. 3 , was the optimum wavelength for sweepout SA operation. Results are shown in Fig. 6 . The shortest measured recovery time, defined to be the time taken for ⌬R/R to fall to half of its maximum, was 28 ps with 2.5 pJ pulses.
III. DISCUSSION
We attribute the transmission change with no applied field to bleaching of the excitonic absorption. This is consistent with the observed long recovery time.
We expect reduction of the sweepout field due to photogenerated space charge to be the dominant saturable absorption mechanism for the high field measurement and thus expect the recovery from saturation to be described by Eq. ͑1͒. However, it can be seen from Fig. 6 that the recovery time increases with pulse energy. We suggest this to be due to the development of space charge concentrations large enough to cause almost total screening of the sweepout field inside the device. This will reduce the velocity at which the photocarriers drift out of the intrinsic region, and hence delay the recovery. 15 A simple model was therefore developed to study the field evolution for the case of high energy pulses. In the model, incident photons generate free carriers in the MQW region with an absorption profile determined from the known reflectivity, responsivity, and geometry of the device. Once escaped from the wells the electrons and holes are assumed to drift with a velocity modeled using the approximation
Standard values of e ϭ3.8ϫ10 3 cm 2 /V s and h ϭ150 cm 2 /V s were used for the electron and hole mobilities. 17 The saturated drift velocity for both electrons and holes was assumed to be s ϭ10 7 cm/s. 16 Equations ͑1͒ and ͑2͒ were used to model the diffusive conduction process with a diffusion coefficient of Dϭ8.5 m 2 /s calculated using the device geometry and standard values of permittivity and resistivity for the doping used. 17 The field in the device was calculated using the differential form of Gauss's theorem. The modeling results of Fig. 7 confirm the almost total suppression of the sweepout field at larger pulse energies. Multiple time constants are evident in the results of Fig.  6 , particularly in the case of 2.5 pJ pump pulses. These are attributable to differing electron and hole drift velocities, and to the nonmonotonic dependence of electron drift velocity on the electric field. Full investigation of these possibilities would require incorporation of more realistic time dependent carrier drift velocity approximations in the model described above.
IV. CONCLUSIONS
In conclusion, we have used carrier sweepout to achieve fast saturable absorption in a PIN MQW SA fabricated from a MOVPE grown InGaAsP wafer. Use of quaternary wells and barriers allowed low barrier heights for both holes and electrons, and operation in the 1550 nm optical communications window. We have measured a reduction of the recovery time from Ͼ900 to 28 ps with low energy pulses, a value substantially shorter than previous reports, demonstrating that our devices have potential for applications in both soliton control and mode locking. The recovery time increased with higher energy pulses. Simple modeling of carrier and field dynamics in the device has enabled us to attribute this increase to a decrease in the photocarrier drift velocity as the sweepout field is reduced by the photocarrier space charge in the intrinsic region of the device.
